Disruption of redox homeostasis is a key phenotype of many pathological conditions. Though multiple oxidizing compounds such as hydrogen peroxide are widely recognized as mediators and inducers of oxidative stress, increasingly, attention is focused on the role of lipid hydroperoxides as critical mediators of death and disease. As the main component of cellular membranes, lipids have an indispensible role in maintaining the structural integrity of cells. Excessive oxidation of lipids alters the physical properties of cellular membranes and can cause covalent modification of proteins and nucleic acids. This review discusses the synthesis, toxicity, degradation, and detection of lipid peroxides in biological systems. Additionally, the role of lipid peroxidation is highlighted in cell death and disease, and strategies to control the accumulation of lipid peroxides are discussed.
Introduction
All biological systems exist in redox equilibrium, balancing oxidative and reducing reactions to achieve suitable conditions for life. Disruptions in redox homeostasis are caused by an accumulation of oxidizing molecules either by overproduction or loss of cellular reducing ability. In either case, the accumulated oxidizing agents are able to oxidize DNA, proteins, and lipids thereby altering their structure, activity, and physical properties. Given the potential severity of such widespread oxidative damage, perturbation of redox equilibrium can result in severe disruptions of biological homeostasis, potentially leading to disease or death.
Reactive oxygen species (ROS) are some of the most common oxidants in cells. ROS Lipid peroxides exert their toxic effects through two general mechanisms. Since lipids are responsible for maintaining the integrity of cellular membranes, extensive peroxidation of lipids alters the assembly, composition, structure, and dynamics of lipid membranes. As highly reactive compounds, lipid peroxides are also able to propagate further generation of ROS, or degrade into reactive compounds capable of crosslinking DNA and proteins.
Finally, Lipid peroxides can be divided into two general classes: lipid endoperoxides and lipid hydroperoxides. Lipid endoperoxides are key intermediates in the formation of prostaglandins and their importance in inflammation and disease has been reviewed extensively [1, 2] . More recently, lipid hydroperoxides have also been recognized as key mediators of cellular disease and death. This review will focus on lipid hydroperoxides, discussing their synthesis, toxicity, degradation, detection, their role in disease and death, and strategies to mitigate the deleterious effects of lipid peroxidation.
Biological synthesis of lipid peroxides
Lipid peroxides are produced in many cellular contexts and can serve as signaling molecules through post-translational modification of proteins [3] . The biosynthesis of lipid peroxides can be carried out by enzymes or via non-enzymatic processes. Yet, the substrate scope and general mechanism of lipid peroxidation is largely the same in both cases. Lipid peroxidation preferentially oxidizes polyunsaturated fatty acids (PUFAs) d long-chain fatty acids with more than one double bond, including linoleic, arachidonic, and docosahexaenoic acids. The PUFAs that are most susceptible to peroxidation contain a (1Z, 4Z) pentadiene moiety. In the first step of oxidation, a hydrogen atom is removed from the methylene carbon bridging the two double bonds. The weak CeH bond and the stability of the resulting bisallylic radical drive the selectivity in hydrogen atom removal. This resonance-stabilized pi system allows the lipid to isomerize into the more thermodynamically stable isomer, forming a (1Z, 3E) conjugated diene that reacts with molecular oxygen to form a lipid peroxide (See Fig. 1 ).
Fenton-type chemistry
The non-enzymatic peroxidation of lipids is a process mediated by carbon-and oxygen-centered radicals. Like all radical reactions, this process can be broken down into three discrete phases: initiation, propagation, and termination. The initiation step is any process that generates radical compounds from non-radical molecules. In cells, this is accomplished using iron and, less frequently, copper. Cellular iron is under tight regulation in cells. Most iron is ligated by heme, bound in FeS clusters, or stored in the iron storage protein ferritin. Nevertheless there exists a small amount of iron that is loosely ligated ("labile") and able to participate in redox reactions [4] . These redox reactions catalyzed by the labile iron pool are collectively referred to as "Fenton chemistry", a series of reactions where labile iron reacts with endogenously produced hydrogen peroxide or superoxide to form oxygen centered radicals [5] . In the first step of Fenton chemistry, ferrous iron disproportionates hydrogen peroxide, oxidizing to ferric iron generating a hydroxide anion and a highly reactive hydroxyl radical. If another equivalent of hydrogen peroxide is available, the ferric iron can be reduced back to its ferrous state and generate a peroxyl radical. Having completed the initiation step, lipid peroxidation can proceed to the propagation step.
Both the hydroxyl and peroxyl radical produced in the Fenton reaction are able to abstract a hydrogen from the bisallylic methylene of a membrane PUFA, creating a resonance-stabilized, carbon-centered radical that can react with molecular oxygen in solution to form a lipid-peroxyl radical ROO which can abstract another hydrogen from a different bisallylic methylene, generating a lipid peroxide (ROOH) and another carbon centered radical that can react with oxygen. Radical compounds giving rise to new radicals is the hallmark of the propagation step. In this way, nonenzymatic lipid peroxidation can be considered a chain reaction. If the concentration of radicals is high enough that two radicals can react with each other they will form a new bond between themselves, eliminating the radical. Alternately, molecules that are able to donate electrons to radical compounds without themselves becoming a radical can terminate radical propagation. These molecules, called antioxidants, are a primary mechanism of defense against uncontrolled lipid peroxidation and other oxidative damage and will be discussed in a later section of this review (See Fig. 2 ).
5-Lipoxygenase
In addition to being formed through non-specific propagation of radicals, oxidized lipids can also be synthesized in a controlled Fig. 1 . General mechanism for peroxidation of PUFAs. A hydrogen atom at a bisallylic position is remove using either a radical or a redox active metal to generate a resonance stabilized carbon centered radical. The double bonds of the acid isomerize to form the more thermodynamically stable conjugated diene prior to reacting with molecular oxygen.
manner by cyclooxygenases (COXs), cytochrome p450s (CYPs), and lipoxygenases (LOXs). COXs synthesize lipid endoperoxides and are partially responsible for the peroxidation of linoleic acid [6] , CYPs synthesize epoxyeicosatrienoic acids (EETs), and LOX enzymes are the biggest contributor to the synthesis of lipid hydroperoxides. The lipoxygenases are named and classified based on the positional specificity of oxidation of arachidonic acid. The 5-lipoxygenase is an enzyme encoded by the ALOX5 gene that is responsible for oxidizing arachidonic acid at carbon 5, forming 5-hydrperoxyeicosatetraenoic acid (5-HPETE). 5-lipoxygenase can further convert 5-HPETE into Leukotriene A 4 , initiating leukotriene biosynthesis [7] . The expression and activity of 5- 
12/15-Lipoxygenases
The 12-and 15-lipoxygenases are a class of enzymes encoded by four genes in humans: ALOX12, ALOX12B, ALOX15, and ALOX15B [13] . These enzymes synthesize 12-hydroperoxyeicosatetraenoic acid (12-HPETE) and 15-hydroperoxyeicosatetraenoic acid (15-HPETE) from arachidonic acid. In contrast to 5-lipoxygenase, some members of this class exhibit incomplete regioselectivity in forming lipid peroxides. For instance, 15-lipoxygenase 1 (encoded by ALOX15) converts 10e20% of the arachidonic acid it oxidizes to 12-HPETE where as 15-lipoxygenase 2 (encoded by ALOX15B) specifically oxidizes carbon 15 [14] . The 12-and 15-lipoxygenases also posses a greater substrate scope than the 5-lipoxygenase. Linoleic acid, a ubiquitous PUFA, can be oxidized to 13-hydroperoxyoctadecadienoic acid (13-HPODE) and 9-hydroperoxyoctadecadienoic acid (9-HPODE) by 15-and 12-lipoxygenases [15, 16] . Docosahexaenoic acid, an u-3 PUFA is also oxidized by 15-lipoxygenase as part of the synthesis of resolvins and protectins [13, 15] . In keeping with their broadened substrate scope, the 12-and 15-lipoxygenases are known to be reactive towards intact phospholipids, and do not require their hydrolysis for peroxidation [17, 18] .
Degradation, toxicity, and detection of lipid peroxides
Though lipid peroxides are stable enough to persist and diffuse in lipid bilayers, they are still prone to degradation. These degradation products are often themselves reactive and can be broadly divided into two classes: hydroxy acids and reactive aldehydes. Lipid peroxide degradation products are the most useful tools for detecting and quantifying lipid peroxidation in biological samples.
Degradation of lipid peroxides
The hydroxy acids are the direct reduction products of the corresponding lipid peroxides. HPETEs and HPODEs can be reduced to the corresponding HETEs and HODEs with a strong enough reducing agent. Chemical reducing agents like triphenylphosphine can reduce the peroxide bond [19] , but the cell also possesses endogenous mechanisms to eliminate harmful peroxides on its own without creating additional radicals. The glutathione peroxidase (GPx) enzymes, particularly GPx4 (discussed more in a later section), are key regulators of lipid peroxides in cells, using GSH as a co-substrate to reduce lipid peroxides to the corresponding alcohols. Inactivation of this enzyme results in the accumulation of lipid peroxides and often cell death [19, 20] .
Aldehydes are the other major class of lipid peroxide degradation product, with 4-hydroxynonenal (4-HNE) and malondialdehyde (MDA) being the most well described and thoroughly researched members of this class [21, 22] . Multiple routes have been proposed for the biosynthesis of these molecules from lipid peroxides [22e28]. However, there is no clear consensus on how significantly each of these competing mechanisms may contribute to the degradation of lipid peroxides in vivo. What is common between these mechanisms is that ubiquitous downstream degradation products such as 4-HNE and MDA both require multiple oxidations of the parent substrate. 4-HNE, for instance, is believed to arise directly from a peroxide precursor 4-hydroperoxynonenal (4-HPNE) and that all nine carbons originate from the methyl end of a fatty acid. Two possible biosynthetic routes for 4-HNE are shown below. The peroxyl radical of 9-HPODE can attack the adjacent double bond, forming a dioxetane intermediate and Fig. 2 . The three steps of non-enzymatic lipid peroxidation. In the initiation step the first radicals are generated by redox active labile iron. In the propagation step radicals are able to react with new substrates, creating new radicals. The propagation step repeats until the termination step, where radicals are 'quenched' by antioxidants or reacting with another radical.
reacting with another equivalent of oxygen. This strained intermediate can undergo retrocyclization to form 4-HPNE and an aliphatic aldehyde [23, 29] . Alternately, in sufficiently acidic environments, 9-HPODE can undergo Hock cleavage. 9-HPODE rearranges to form an intermediate hemiacetal that can cleave to furnish an aliphatic aldehyde and a b, g-unsaturated aldehyde which can be further oxidized to 4-HPNE [27, 30] .
Toxicity of lipid peroxides
Peroxidation of membrane lipids is known to substantially alter the physical properties of lipid bilayers. In particular, the peroxidation alters lipid-lipid interactions, ion gradients, membrane fluidity, and membrane permeability [31] . Molecular dynamics simulations initially suggested that peroxidized phospholipids reoriented themselves in a lipid bilayer so that the oxidized chain moved towards the water/lipid head-group interface, decreasing membrane thickness [32] . Later experimental evidence confirmed that the entire oxidized chain can protrude into the aqueous phase, allowing for macrophage recognition [33] . Increasing the concentration of oxidized lipids in liposomal membranes is also known to cause a corresponding decrease in membrane fluidity and slower lateral diffusion [34] . PUFA oxidation by 5-lipoxygenase is known to require the hydrolysis of a fatty acid chain from a parent phospholipid, leaving behind lysophospholipids. In vitro data on lipid monolayers has shown that the resulting lysophospholipids are readily solubilized into the cytosol [35] . Both the desolvation of lysophospholipids as well as the conformational change of oxidized phsopholipids is believed to contribute to an increase in membrane permeability [32, 35] .
Lipid peroxides exhibit additional toxicity from the degradation products they spontaneously form. Ferrous iron can react with a lipid peroxide to generate the corresponding alkoxy radical that can propagate new peroxidation reactions. The aldehyde degradation products of lipid peroxides are toxic to cells. Both 4-HNE and MDA are highly reactive molecules. MDA is a dialdehyde able to react with primary amines on proteins or DNA to form crosslinks. Additionally, MDA can form 1,4-dihydropyridine adducts with primary amines [22, 36] . 4-HNE also contains an aldehyde functional group and can form Schiff base adducts with primary amines and cyclization products similar to MDA [29] . 4-HNE is also a Michael acceptor, and can form covalent adducts with the side chains of nucleophilic amino acids. The covalent modifications carried out by these secondary messengers of lipid peroxidation alter the structure and function of proteins and nucleic acids and are responsible for the cytotoxicity of these molecules (see Fig. 3 ). 
Detection of lipid peroxides and their degradation products
Many of the earliest methods to measure and quantify lipid peroxidation relied on the unique reactivity of aldehyde degradation products. The reaction of MDA and thiobarbituric acid yields a chromophore whose concentration can be quantified by absorbance [37] . Similarly, the reaction of the aldehyde moiety of 4-HNE with 2,4-dinitrophenylhydrazine has been used to measure the extent of protein carbonylation in biological samples [38] . Spectroscopic methods exist for direct detection of lipid peroxides. The absorbance of conjugated dienes that result from the isomerization of oxidized PUFAs and the absorbance of the triiodide anion from the reaction between iodide salts and peroxides are two wellvalidated methods for measuring lipid peroxides in vitro [37, 39] . While these methods are very useful for cell free in vitro systems, they are prone to interference and inaccuracy in cellular contexts, limiting the extent to which these assays can be regarded as quantitative [21] . To meet this challenge, LC-MS methods have been developed to quantitatively profile lipid peroxidation products in complex biological samples. LC-MS analysis of the HETE and HODE content of cells is used as a biomarker of lipid peroxidation [40] . Whereas many absorbance methods give a picture of lipid peroxidation generally, LC-MS also has the advantage of quantifying the oxidation of individual phospholipids, giving a more focused understanding of lipid peroxidation in pathological contexts [19] .
Lipid peroxides in disease and death
Because of their reactivity and ability importance in generating secondary messengers, lipid peroxides have long been appreciated as critical for the progression and regulation of inflammation [9, 13] . The ability of lipid peroxides to generate toxic secondary messengers has also helped highlight their importance in multiple pathologies and cell death. One clinical area where lipid peroxidation is particularly important is degenerative disease of the brain and the central nervous system. The brain consumes a large volume of oxygen and generates a high quantity of ROS as a byproduct of ATP synthesis. Membrane phospholipids in the CNS are highly enriched in PUFAs, incorporating them rapidly from free fatty acids [41] . The combined result is an environment with all the necessary materials for peroxidation of lipids. Lipid peroxidation also plays a role in regulated cell death. The lipid degradation product 4-HNE has been shown to induce apoptosis in specific contexts [42] . Recent work has also identified lipid peroxidation as the primary driver of ferroptosis, a type of regulated necrotic cell death [43] .
Ferroptosis
Ferroptosis is a non-apoptotic, iron dependent form of regulated cell death that is characterized by the accumulation of lipid peroxides. Ferroptosis can be suppressed by lipophilic antioxidants and iron chelators but is not affected by apoptosis or necroptosis inhibitors [19, 52] . Ferroptosis was discovered through highthroughput screening of lethal molecules, leading to the initial discovery of two ferroptosis inducing small molecules: erastin and RSL3. Both of these molecules exert their lethal effects by compromising the antioxidant capacity of cells. Erastin inhibits system Xc À , a transmembrane cystine/glutamate antiporter that supplies cysteine for the synthesis of the antioxidant tripeptide glutathione. RSL3 covalently inhibits glutathione peroxidase 4 (GPx4), which reduces lipid peroxides to the corresponding hydroxide, using glutathione as a cofactor. Monitoring oxidative stress in ferroptotic cells showed an increase in lipid peroxidation without an increase in other ROS such as superoxide [52] . Subsequent lipidomics showed a specific depletion of unoxidized PUFAs [53] and an increase in oxidized PUFAs [19] . Lipoxygenases contribute to the accumulation of lipid peroxides in ferroptosis. Genetic knockdown and pharmacological inhibition of lipoxygenases are both strongly protective against erastin treatment. Erastin treatment also induces the translocation of the 5-lipoxygenase to the nuclear membrane, which is necessary for its activation [53] . Mitochondria may have a central role in ferroptosis as well. Lipidomic profiling of GPX4 knockout mice shows an increase in oxidized cardiolipin, a mitochondria-specific lipid [19] . Correspondingly, treatment of cells undergoing ferroptosis with a mitochondria-targeted antioxidant capable of preventing the oxidation of cardiolipin potently restores cell viability [54] .
Alzheimer's disease
Alzheimer's disease is a progressive neurodegenerative disease characterized by the extracellular accumulation of amyloid-b (Ab) and intracellular accumulation of neurofibrillary tangles composed of tau protein [44] . Insertion of Ab into cellular membranes is known to generate hydrogen peroxide and, via Fenton chemistry, lipid peroxides and degradation products such as MDA [45] . Additionally, higher levels of 12-and 15-lipoxygenase and 12-and 15-HETE were found in post-mortem brain samples from Alzheimer's patients compared to controls [46] . Subsequent work in cell culture models of Alzheimer's disease showed that pharmacological inhibition of the 12-and 15-lipoxygenases reduced Ab formation [47] . The growing body of evidence for the involvement of lipid peroxidation and general oxidative stress as a driving force of Alzheimer's disease has generated much interest in using antioxidants as therapeutics. Multiple clinical trials have tested the antioxidant vitamins E and C in patients with Alzheimer's disease but observed no change in the progression of disease [48, 49] . Another study found that while markers of lipid oxidation in the cerebrospinal fluid decreased with vitamin E and C treatment, no changes in Ab production were detectable, and patients showed a faster onset of cognitive impairment compared to placebo treated patients [50] . Despite these disappointing results, interest in using antioxidants as therapeutics against Alzheimer's disease remains. Since the antioxidant capacity of a cell is dependent on a cocktail of multiple antioxidants, it is possible that supplementation with one or two antioxidants is not sufficient for changing the course of disease in humans. Additionally, since lipid peroxidation can be initiated at very early stages of the disease, antioxidant therapy may be more effective in patients with early stages of Alzheimer's disease, rather than late-stage patients [51] .
Inhibition of lipid peroxidation
Because of their role in many disease and death, there has been intense effort to identify and develop compounds that ameliorate the toxic effects of lipid peroxides. Broadly these inhibitors can be divided into two classes: molecules that prevent peroxides from being formed and molecules that eliminate peroxides that have already been synthesized.
Inhibitors of peroxidation
The most common strategy for preventing the formation of lipid peroxides is to inhibit the enzymes responsible for synthesizing them. To this end, many inhibitors of the lipoxygenase enzymes have been developed. The 5-lipoxygenase has received a particularly large amount of attention due to its role in multiple inflammatory diseases, with many inhibitors advancing into clinical trials [55] . Of these, only Zileuton has been approved for clinical use. Zileuton is believed to ligate the active site iron through its N-hydroxy urea moiety [56] . Other classes of 5-lipoxygenase inhibitors similarly focus on the active site iron, targeting it with redox active inhibitors that prevent the iron from cycling between its ferrous and ferric states [57] . With the recognition of the importance of the 12-and 15-lipoxygenases in neurodegenerative diseases, efforts have increased to develop specific inhibitors of these lipoxygenases [58, 59] .
An emerging strategy to prevent lipid peroxidation is supplementation with fatty acids labeled with heavier isotopes of hydrogen at sites prone to oxidation. The carbon-deuterium bond is stronger than the carbon-hydrogen bond, making it more difficult to remove deuterium atoms and thus slowing the rate of peroxide formation. This kinetic isotope effect is quite large for PUFAs that are deuterated at the bisallylic position [60] . The advantage of deuteration of PUFA substrates over direct enzyme inhibition is that D-PUFAs are expected to inhibit both enzymatic and nonenzymatic lipid peroxidation, making them more protective than inhibition of a single lipoxygenase enzyme. The protective effect of these D-PUFAs has been shown in multiple disease contexts, rescuing cells from oxidative stress and death [53, 61, 62] .
Elimination of peroxidesdBioactive reducing agents
A complementary strategy to preventing lipid peroxide formation is the reduction of the peroxide or radical intermediate to a less cytotoxic compound. Biological systems have evolved multiple mechanisms for reducing lipid peroxides. In particular the glutathione peroxidase (GPx) class of enzymes are responsible for reducing lipid peroxides. There are eight GPx isoforms in humans, all with differing substrate specificities and tissue distributions. The GPx4 enzyme is the primary reductant of lipid peroxides. Inhibition or deletion of GPx4 leads to ferroptotic cell death and the accumulation of lipid peroxides [19, 20] . GPx4 reduces lipid peroxides using a selenocysteine to preform a nucleophilic attack on the terminal oxygen of the lipid peroxide, releasing a HETE or HODE [63, 64] . The intermediate selenenic acid is reduced by two equivalents of glutathione to regenerate the active enzyme and oxidized glutathione (see Fig. 4 ).
The vitamin E compounds are another group of compounds able to mitigate the toxicity arising from lipid peroxides. Vitamin E is not a strong enough reducing agent to reduce peroxide bonds, but it can serve as a radical scavenging agent. During the propagation of lipid peroxides, vitamin E can donate a single electron to the intermediate peroxyl radical, terminating the chain reaction propagation of peroxides. The radical vitamin E intermediate can be reduced by vitamin C [65] . Supplementation with vitamin E is protective against ferroptotic cell death [52] . The reduction of other ROS by vitamin E is quite limited, and vitamin E is believed to be a specific reductant of lipid peroxidation in vivo, and does not scavenge other radical intermediates such as the hydroxyl radical [65] .
Concluding remarks
Lipid peroxides are an important class of biomolecules generated by oxidative stress in cells. Though lipid peroxides have been observed in multiple disease states, it is often unclear to what extent they initiate disease or are the downstream products of other disease-promoting factors. Similarly, it remains to be determined what role general cellular processes like ferroptosis play in specific disease contexts such as Alzheimer's disease. Nonetheless, an increasing understanding how lipid peroxidation can be controlled is expected to have significant medical impact. For cancers that have evolved mechanisms to evade apoptotic signals, induction of lipid peroxidation and ferroptosis may provide a therapeutic alternative to current chemotherapeutic options. Similarly, despite the failures of vitamin E therapy in Alzheimer's disease, developing better techniques to prevent the oxidative stress accompanied by neurodegeneration has the potential to offer new therapeutic options and may be applicable to similar neurodegenerative diseases. 
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